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The Basic Puzzle:  An early Hubble observation
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Modern Puzzles in Galaxy Formation

Ωb/Ωm

Why do galaxies appear to 
lack their full share of baryons?
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What quenches galaxies 
and keeps them that way?

Solar Metallicity

Why do galaxies follow a 
steep mass-metallicity relation?
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How is star formation sustained for 10 
Gyr, if only 1 Gyr of gas is present now? 



Eris simulation	


!

Milky Way analog	


at z = 0 	



!
Guedes/Madau/	



Shen 2011

20 kpc



M. Burbidge et al. Intervening Absorbers

The CGM: one of the key 
reasons the Hubble Space 

Telescope even exists.

1985

1969



Feedback

Accretion

Recycling

Halo gas

Gas Flows Drive Galaxy Formation
Ωb/Ωm

Ba
ry

on
s/

D
ar

kM
at

te
r

-14 -16 -18 -20 -22 -24 -26

0

1

2

3

4

Mr
u 

- r

Wed Jan 26 09:50:14 2011

cmd.ps

Solar Metallicity

M
et

al
lic

ity

CGM Figure Credit: Ann Feild (STScI)
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z  = 0.02 - 0.08

logM★ = 8.5 - 10

optimal for CIV

z  = 0.15 - 0.35

logM★ = 10 - 11.5

optimal for OVI

COS-Dwarfs

ALL GALAXIES SELECTED PRIOR TO ABSORPTION

COS-Halos



impact parameter R < 150 kpc

A Statistical Map of Galaxy Halo Gas
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The Mass and Metal Content of the CGM

Ωb/Ωm
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HI Survey: Thom+12, Tumlinson+13

Metal-line survey:  Werk+2013

O VI Survey: Tumlinson+11, Science

The Observed Content of the CGM
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Si III over 3 decades of Stellar Mass
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Werk et al. 2014
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Werk+12
Keck+MagE

Tumlinson+11, Science

COS-Halos OVI



Total Inventory of Galactic Metals

“C II+IV” CGM

Typical star forming galaxies have ejected at least as 
many metals as they have retained.

Adapted from Peeples et al. (2014)	


arXiv:1310.2253



The Quenching of the CGM
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Tumlinson+11

So, is this quenching?



What was supposed to happen. . . 

10 D. Kereš et al.

Figure 5. The cold accretion fraction as a function of galaxy baryonic mass (cold gas + stars), at z = 3, 2, 1, and 0. Points show the
cold fractions of individual galaxies, and solid lines show the median values in bins of baryonic mass. Dashed lines show the median hot
fraction; solid and dashed curves sum to one by definition.

that resolves galaxies all the way down to the limit where
their formation is suppressed by the UV background, a
baryonic mass of about Mgal = 108M⊙ (Efstathiou 1992;
Quinn, Katz, & Efstathiou 1996; Thoul & Weinberg 1996;
Gnedin 2000). We have one such simulation, L5.5/128 with
64 times the mass resolution of L22/128, which has been
evolved to z = 3. We first calculate the smooth accretion
rates in L5.5/128 for galaxies above the L22/128 resolution
limit, counting as smooth accretion all the gas in galaxies
below this limit just as we do in our analysis of L22/128
itself. We then calculate the fraction of this inferred smooth
accretion that is actually due to mergers with galaxies be-
tween the 1.1 × 108M⊙ resolution threshold of L5.5/128
and the 6.8 × 109M⊙ threshold of L22/128. We find that
this fraction is less than 7% at z = 3 and less than 3%
at z = 4. Our treatment of photoionization in these sim-
ulations assumes ionization equilibrium (KWH). If we in-
cluded non-equilibrium heating at the epoch of reionization
(Miralda-Escudé & Rees 1994), then our IGM temperature
would be somewhat higher, and galaxy formation would be
physically suppressed at a higher mass scale (Gnedin 2000),
further reducing the sub-resolution merger contribution.

At z < 3 we do not have such a high resolution simula-
tion available, so we must use an indirect method to estimate
sub-resolution merging. Our approach is similar to that of
MKHWD, based on extrapolating the mass distribution of
resolved galaxies that merge with larger resolved galaxies.
This distribution is plotted in Figure 8, for the L22/128 sim-
ulation. We consider all resolved mergers that take place in

four redshift intervals: z ≤ 0.5, 0.5 < z ≤ 1, 1 < z ≤ 2, and
2 < z ≤ 3. We fit a power law dPM/d log M ∝ Mα to the
low mass bins in each panel, where dPM/d log M is the prob-
ability per d log M for a galaxy of mass M to merge with a
larger galaxy. We use the last five bins for the z ≤ 0.5 distri-
bution and the last four bins for the other distributions. We
force the fits to go through the measured value in the fourth
bin, so that we have just one free parameter, α. Best-fit
slopes range from 0.2 (z ≤ 0.5) to −0.3 (2 < z ≤ 3), though
the small number of bins and substantial Poisson error bars
make these estimates uncertain. The mass contributed per
d log M scales as Mα+1, so high mass satellites dominate
merger growth if α > −1, as we find at all redshifts.

Integrating our power law fits from the resolution limit
Mgal = 6.8 × 109M⊙ down to Mgal = 108M⊙ yields an up-
per limit to the amount of sub-resolution merging, since the
merger mass distributions appear to be turning over steadily
and are likely to fall below our extrapolations. With this es-
timate, the ratio of mass added to the galaxy population by
sub-resolution mergers to mass added by resolved mergers
is approximately 0.1 − 0.15 at z = 0 − 0.5, 0.20 − 0.35 at
z = 0.5−1, 0.25−0.45 at z = 1−2, and 0.5−2.0 at z = 2−3.
The quoted ranges reflect the 1σ statistical uncertainties in
the fitted slopes. Sub-resolution merging could thus make a
significant contribution to merger rates at higher redshifts,
but because merger rates are much lower than smooth ac-
cretion rates (see Figure 12 below), it still does not substan-
tially change the inferred accretion rates. The exception is
at z = 2−3, where the maximal correction above could raise

c⃝ 0000 RAS, MNRAS 000, 000–000

“Cold Mode”

“Hot Mode”

Halos less than this mass cannot sustain a 
virial shock and so smoothly accrete gas 
that never reaches the virial temperature 

of ~106 K (Birnboim & Dekel 2003).
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ABSTRACT

We examine the temperature history of gas accreted by forming galaxies in smoothed
particle hydrodynamics (SPH) simulations. About half of the gas follows the track
expected in the conventional picture of galaxy formation, shock heating to roughly
the virial temperature of the galaxy potential well (T ∼ 106 K for a Milky Way type
galaxy) before cooling, condensing, and forming stars. However, the other half radiates
its acquired gravitational energy at much lower temperatures, typically T < 105 K, and
the histogram of maximum gas temperatures is clearly bimodal. The “cold mode” of
gas accretion dominates for low mass galaxies (baryonic mass Mgal

<
∼

1010.3M⊙ or halo

mass Mhalo
<
∼

1011.4M⊙), while the conventional “hot mode” dominates the growth of
high mass systems. Cold accretion is often directed along filaments, allowing galaxies
to efficiently draw gas from large distances, while hot accretion is quasi-spherical. The
galaxy and halo mass dependence leads to redshift and environment dependence of
cold and hot accretion rates, with cold mode dominating at high redshift and in low
density regions today, and hot mode dominating in group and cluster environments at
low redshift. The simulations reproduce an important feature of the observed relation
between galaxy star formation rate (SFR) and environment, namely a break in star
formation rates at surface densities Σ ∼ 1h2

75Mpc−2, outside the virial radii of large
groups and clusters. The cosmic SFR tracks the overall history of gas accretion, and
its decline at low redshift follows the combined decline of cold and hot accretion rates.
The drop in cold accretion is driven by the decreasing infall rate onto halos, while for
hot accretion this slower mass growth is further modified by the longer cooling times
within halos. If we allowed hot accretion to be suppressed by conduction or AGN
feedback, then the simulation predictions would change in interesting ways, perhaps
resolving conflicts with the colours of ellipticals and the cutoff of the galaxy luminosity
function. The transition at Mhalo ∼ 1011.4M⊙ between cold mode domination and
hot mode domination is similar to that found by Birnboim & Dekel (2003) using 1-d
simulations and analytic arguments. The corresponding baryonic mass is tantalisingly
close to the scale at which Kauffmann et al. (2003) find a marked shift in galaxy
properties, and we speculate on possible connections between these theoretical and
observational transitions.

Key words: methods:numerical—galaxies:formation—evolution—cooling flows

1 INTRODUCTION

The conventional sketch of galaxy formation has its roots
in classic papers of the late ’70s and early ’80s, with
initial discussions of collapse and cooling criteria by
Rees & Ostriker (1977) and Silk (1977), the addition of
dark matter halos by White & Rees (1978), and the disk
formation model of Fall and Efstathiou (1980). According
to this sketch, gas falling into a dark matter potential
well is shock heated to approximately the halo virial tem-

perature, Tvir = 106(vcirc/167 kms−1)2 K, putting it in
quasi-hydrostatic equilibrium with the dark matter. Gas
in the dense, inner regions of this shock heated halo ra-
diates its thermal energy, loses its pressure support, set-
tles into a centrifugally supported disk, and forms stars.
Mergers of disks can scatter stars onto disordered orbits,
producing spheroidal systems, which may regrow disks if
they experience subsequent gas accretion. Over the last
decade, the ideas of these seminal papers have been up-
dated and extended into a powerful “semi-analytic” frame-
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R < 30 kpc

R < 100 kpc

R < 50 kpc

Stewart et al. (2010)

This transition from “cold mode” to “hot 
mode” should result in a sharp drop in 

the covering fraction of strong HI 
absorption at < 100 kpc.
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HST 
2.4 m

JWST 
6.5 m

HDST 
12 m

What can a Large Space Telescope Do?



Capability HDST	
  Gain	
  vs.

Parameter Requirement HST JWST

Aperture	
   10-­‐12	
  m x5 x1.5-­‐2

Wavelength 0.10	
  to	
  2	
  microns Same	
   HDST:	
  UV-­‐vis

Field	
  of	
  View 6	
  arcminutes x3 x3

Pixel	
  Count	
  per	
  
Instrument	
  
Channel	
  

0.5-­‐1	
  gigapixel
x30	
  	
  

(vs.	
  Wide	
  Field	
  
Camera	
  3)

x25	
  	
  
(vs.	
  NIRCAM)	
  

Angular	
  
Resolution

0.01”	
  	
  
(Diff	
  lim.	
  @	
  500	
  nm)

x5	
  	
  
@	
  500	
  nm

x1.5-­‐2	
  	
  
@	
  1	
  um

HDST	
  Requirements	
  	
  
as	
  a	
  Large	
  Aperture	
  Space	
  Telescope



HDST Requirements

Starlight	
  
Suppression

Exoplanet	
  Imager	
  
Exoplanet	
  Spectrograph

UV	
  
Spectrograph

Primary/	
  
Secondary

Additional	
  
mirror(s)

Panoramic	
  Imager	
  
UV-­‐Vis-­‐NIR

Multi-­‐Object	
  
Spectrograph	
  
UV-­‐Vis-­‐NIR

OTE

Parallel	
  Observing	
  Capability

Narrow	
  Field	
  
	
  Instruments

Wide	
  Field	
  
	
  Instruments

Possible	
  
Instrument	
  	
  
Complement
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The Power of Aperture: Many More Sources
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Application No. 1

Probing Gas Flows with 
densely sampled nearby halos. 



CGM Dynamics Reflected in its Appearance

Sijing Shen et al. 2012

INFALL ONLY



OUTFLOW ONLY

Sijing Shen et al. 2012

CGM Dynamics Reflected in its Appearance



7 Mpc 3.5 Mpc

16 Mpc 3.6 Mpc

M51 M82

M87 M81



Halo gas dissection with M82.

Note: FUV from 900 - 1150 Å needed to obtain reliable HI 
column densities from Lyman series and O VI, the most 

sensitive probe of highly ionized gas. 



Map of Galaxies within 12 Mpc of Our Galaxy

 HST

JWST

ATLAST-8m

ATLAST-16m

Halo gas dissection with nearby galaxies.

COS can in principle observe ~10 
QSOs within 100 kpc of Andromeda.	



(small orange circle).

An 8-m can reach QSOs at mFUV ~ 
22, where there are ~ 10 / deg2.

At this sky density, multiple probes of 
individual fully-resolved nearby 

galaxies becomes possible.

An 8-m can observe ~10 QSOs 
behind all galaxies within ~ 10 Mpc	


and > 1 out to 30 Mpc (purple line).

An 8m could dissect the gaseous 
halos of the same local galaxy 

population where it can measure the 
star formation histories from 
resolved stellar populations!



Application No. 2

Relating short or rare phases 
of galaxy evolution to their gas 

flows.
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Gas Flows and Galaxy Evolution with 10,000 QSOs.

The SDSS+GALEX QSO catalog 
contains 1200 QSOs bright enough 
for COS (mFUV = 18.5, S/N ~ 10 in < 5 orbits).

An 12 m can access 105 in this same 
region of the sky (mFUV < 22). 

COS has “transcended serendipity” 
for mainstream galaxy populations; 
i.e. the main sequences of the red 

and blue clouds. 

Post-starburst galaxies 	


(Tremonti et al. 2004)

“Green valley” 	


galaxies

!
But COS is limited in its ability to study short evolutionary phases that are 

correspondingly rare, such as “green valley” and “post-starburst” galaxies (cf. Tripp+11) 	


!

An 8-m could “transcend serendipity” for these rarer galaxies, allowing us to directly 
probe the gas flows that drive these phases of evolution.	



!
For example, models indicate that a 12-m could get 100 green valley and 50 	



post-starburst galaxies in a ~ 100 hr program



What does the CGM do during mergers?	


!

What do mergers and loss of gas have to do 
with quenching?

Only 11 mergers with background QSOs in ALL OF SDSS that COS can reach!

PI: Rongmon Bordoloi (STScI—>MIT)



Application No. 3

Taking a picture of the CGM!



Hubble’s View



Hubble’s ViewHDST’s View

v



Application No. 4

Trace galactic outflows to the 
source.



5’

“Down the Barrel” Outflows with UV MOS



- Could achieve 50-100 times HST/COS sensitivity for point-source spectroscopy. 	


- Some of the gain in photons collected can support multiplexing. 

Revolutionary UV Capability

3” COS aperture

HST/COS
3-5 orbits / cluster

3’ MOS 	


at z ~ 0

3’’ IFU	


at z ~ 0.5

20 kpc

Also would permit detailed mapping of 
UV continuum and line SFR metrics, 

spatially resolved, from z = 0 - 1.

3-5 hours / galaxy?



HDST: The Ultimate Gas Flows Machine

Use background 
galaxies to densely 
sample foreground 
halo gas. Use MOS/IFU 

capability to map 
flows as the emerge 

from or recycle 
into the disk.

For nearby galaxies, 	


use collecting area 
and low backgrounds 
to directly image 
CGM emission.



Application No. 5

Find the rest of the “missing 
baryons”.



What to Look For, and How: Turn the UV into an X-ray telescope
- Deep spectroscopy (S/N ~ 80-100) would look for diagnostics that are invisible or very weakly 
detected in shallower data (typically S/N = 30 in existing COS data): 	


!
- Ne VII and Mg X are a lithium-like ions with a doublets at 780 and 625 Å, so seen only at z > 0.5. 	



- a unique tracer of true > 106 K gas, IF IT IS METAL ENRICHED.	


!

- “Broad Lyman Alpha” is thermally broadened HI gas, with high ionization	


- an effective tracers of 105-6 K gas, EVEN IF IT IS NOT METAL ENRICHED	


!

- So deep observations open two avenues to the missing baryons, the spread of metals, and their 
implications for galactic feedback and quenching.  

X-ray lines

UV lines

13

12

14

1% Z⨀

courtesy of Chris Howk

11

15

16 Typical X-ray limits

S/N=30

S/N=100
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At S/N ~ 100, even 106 K 
Lyβ might be detected! 

LyβLyα105 K 106 K 105 K 106 K

Savage et al. arXiv:1205.0752

log NHI =  13.5	


b = 87 km s-1	



log T = 5.6 or	


500,000 K

Such things have been detected.

S/N ~ 10

But this sightline goes only to z = 0.6, barely far 
enough for Ne VIII and not far enough for Mg X 

S/N ~ 30

S/N ~ 100

Broad Lya Finds Hot Baryons Even Without Metals
log NHI = 13.5

S/N ~ 30-40



Application No. 6

Examine the CGM and Quenching 
when it happened.



Large Aperture 
Needed to do CGM 

work at z = 1-2

QSO 
Availability

Galaxy 
Transformation

QSOs too 
faint for < 4m 	
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Feedback

Accretion

Recycling

Halo gas

Gas Flows into the Future
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The End

Thanks!



EXTRAS



Nicolas Lehner et al. in prep

Intervening from COS-Halos and Tripp large program - galaxies not yet identified. 

Metallicity

These are CGM-like strong HI absorbers with robust metallicities estimated from metals detected (or 
not) in spectra from COS (C II, Si II) or Keck/HIRES (Mg II).



Why go to z > 0.5



Feedback in the act: Winds emerging from disks
7000 FOREGROUND galaxies in 

zCOSMOS probed in stacked spectra 
of BACKGROUND galaxies.	



!
Evidence of Mg II preference on the 
semi-major axis. . . interpreted as bi-

polar outflow.

Bordoloi et al. (2012)

Outflow Infall

collimated winds 9

(a) (b)

Figure 8. a): Kinematic model of conical wind for J111850G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5. Given the low inclination, this sight-line is likely contaminated by absorption from the disk. Indeed, the blue hatched area shows the disk-halo model
of Kacprzak et al. (2011a).

(a) (b)

Figure 9. a): Kinematic model of conical wind for J225036G1G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5.

c� 0000 RAS, MNRAS 000, ??–15

collimated winds 9

(a) (b)

Figure 8. a): Kinematic model of conical wind for J111850G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5. Given the low inclination, this sight-line is likely contaminated by absorption from the disk. Indeed, the blue hatched area shows the disk-halo model
of Kacprzak et al. (2011a).

(a) (b)

Figure 9. a): Kinematic model of conical wind for J225036G1G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5.

c� 0000 RAS, MNRAS 000, ??–15

Biconical Outflows match 
Mg II kinematics: 	



Bouché et al. (2012)
and Kacprzak et al. 



Understanding the Galaxy - IGM Interplay

Above:	
  IGM	
  gas	
  temperature	
  distribuTon	
  for	
  cosmological	
  models	
  with	
  and	
  
without	
  supernova	
  feedback.

Understanding	
   the	
   answers	
   to	
   these	
   ques9ons	
  
lies	
   at	
   the	
   heart	
   of	
   understanding	
   galac9c	
  
evolu9on.	
   
!
Depending	
  on	
  the	
  mass	
  of	
  the	
  galaxy	
  halo,	
  infalling	
  gas	
  may	
  be	
  
shocked	
   and	
   heated	
   or	
   accrete	
   in	
   cold	
   mode	
   along	
   narrow	
  
filaments.	
  Gas	
  can	
  also	
  be	
  removed	
  from	
  galaxies	
  via	
  Tdal	
  and	
  
ram	
  pressure	
  stripping,	
  supernova-­‐driven	
  winds,	
  or	
  during	
  the	
  
accreTon	
  of	
  gas-­‐rich	
  dwarfs	
  onto	
  giant	
  galaxies.	
   
!

These hypotheses need to be tested!

106 K

105 K

104 K

Cen & Ostriker 2006

Below:	
  Gas	
  ioniza9on	
  and	
  Temperature	
  Distribu9on	
  vs.	
  Galaxy	
  Mass 
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  Higher	
  Mass

Oppenheimer et al. 2009

Most	
  of	
  the	
  maFer	
  in	
  the	
  Universe	
  is	
  located	
  in	
  
intergalac9c	
  space	
  outside	
  of	
  galaxies.	
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The	
  key	
  quesTons	
  are: 
HOW	
  IS	
  INTERGALACTIC	
  MATTER	
  ASSEMBLED	
  INTO	
  GALAXIES? 
!
TO	
  WHAT	
  DEGREE	
  DOES	
  GALAXY	
  FEEDBACK	
  REGULATE	
  AND	
  
ENRICH	
  THE	
  IGM? 
!
WHERE	
  AND	
  WHEN	
  DO	
  THESE	
  PROCESSES	
  OCCUR	
  AS	
  A	
  FUNCTION	
  
OF	
  TIME?
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The CGM of mainstream blue and red galaxies with HST/COS

> 200 orbit investments by HST/
COS required to obtain ~100 QSO/

galaxy pairs over 0 - 150 kpc. 

QSOs bright enough for COS 
are still relatively rare.

COS-Halos: Tumlinson et al. (2011), 
Thom et al. 2011, Werk et al. 2012

The next frontier is to expand to less 
common galaxy types (AGN, post-

starbursts) and relate these phases directly 
to the gas processes they generate.

The CGM holds a gas mass 
comparable to the stellar mass, and a 
metal mass comparable to the ISM. 



Probing infall and outflow with many sightlines
Simulaton by Sijing Shen and Piero Madau

Using multiple QSOs on the same galaxy would detect these flows with much higher significance. 
This becomes more practical with fainter more numerous QSOs and nearer galaxies. 

100 kpc

There are already indications of disk/filament infall and bipolar outflow, based on 
“stacking” low S/N background galaxy spectra.	



(Bordoloi et al. 2012, Kapczak et al. 2012)

metal-poor infall

metal-rich outflow


